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ABSTRACT

A model for the spreading and evaporation of liquid natural gas

(LNG) when spi1led on a 1iquid surface has been developed. The model

includes a model for differential boil-off of the LNG constituents. A

listing of the code, LNGVG, for making these calculations plus calcula-

tional results for an anticipated LNG spill test to be conducted at

China Lake, California are included in the documentation.

*
‘)

. ●’Work performed under the auapicesof the
U.S. Department of Energy by the Lawrence :
Llvermore Laboratory under contract number
W-7405-ENG48.”
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INTRODUCTION

Liquid natural gas (LNG) is a cryogen with a boiling temperature, at 1

atm., of approximately 111° K. Spillage of LNG on a water surface results .

in a very rapid spreading into a circular shaped pool. During this spreading

process, heat transfer frcm the relatively warm water to the cold LNG results

in boiling of the LNG with a resultant high rate of gas vapor generation.

LNG is composed primarily of methane with small fractions of ethane,

propane and nitrogen, seepage 5. These constituents have different heats

of vaporization and boiling points with the result that they boil off at

different rates. This differential boil off during vapor generation results

in LNG vapors containing different fractionsofconstituents than the

originally spilled LNG.

A computer program called LNGVG to calculate LNG Vapor tjenerationand—.

differential boiloff has been written. A listing of the code is given in

Appendix A. Calculations have been made, using LNGVG, for a spill of 5 cubic

meters of LNG in a time of 50 seconds and are described below. These spill

conditions are representative of conditions expected during experiments

be conducted at China Lake.

DISCUSSION

to

The calculations for the spreading of LNG are approached by determining

the velocity of the leading edge of the LNG pool. This velocity is determined

by considering the outer edge as a density intrusion. The radius of the pool

as a function of time is determined by integration of the velocity equation.

Spreading occurs until pool break-up occurs.

Pool break-up is assumed to occur when the

an experimentally det&mined minimumthickness,

tion. The break-up is observed to occur at the

thickness of the LNG reaches

due to spreading and evapora-

center of the pool first and

spreads radially outward until all the LNG has evaporated.
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The rate of evaporation for LNG from a water surface is often

.2

determined experimentally and given as a regression rate (i.e., cm./min.).:

This regression rate represents the sum of the contributions ftiomeach of the

LNG constituents. The fraction of this regression rate applicable to eac~

of the constituents is determined in the calculation by the relative magnitudes

of their heats of vaporization, boiling temperature and volume fraction. This

relative fraction of’total boil-off for each constituent varies with time and

is different from the original volume fraction of the LNG.

LNG SPILL SCENARIO

The phenomena that occur during a spill are described below. The LNG is

assumed to be spilled at a certain rate for a finite time. .

(1) Initially the LNG spreads radially at a rapid rate, which decreases

as the radius increases. Boil-off of the LNG takes place as soon

as the LNG contacts the water surface. Due to the differential

boil-off phenomenon, the vapors generated have different volume

fractions than the initial LNG. Also, the volume fraction of the

LNG constituents of the LNG on the water surface changes due to

the differential boil-off.

(2) The LNG spreads out to a radius large enough to vaporize an amount

of LNG equal to the rate of LNG spill. The LNG composition on the

water surface continues to change due to differential boil-off

until a condition is reached where the rate of boil-off of each LNG

constituent equals the rate of spillage of each constituent.

(3) Steady conditions are maintained unti1 the spillage is stopped. Now,

the volume fraction of each constituent in the spilled LNG changes

due to differential boil-off and the vapors generated again have
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Volume fractions different from the original LNG volume

fractions.

(4) The volume of LNG left on the water decreases as vapor generation
.

takes place until the pool begins to break up in the center.

Initially just a small circular area of water is visible. This

circular area increases with time until the entire mass of LNG

has evaporated.

ANALYTICAL RELATIONS -

The radius of the LNG spilled on the water surface is given by equation

(,):[11

(1)
Pw ‘p LNG 1/4

“4 tl/2r = 1.35 (9 )V
Pw

—

where: r= radius

P = density of LNG or water (w)

v = volume of LNG on

t = time

The velocity of the leading

equation (2) with respect to time

(2)

water surface

edge of the LNG is given by differentiating

while holding V constant:

(f%
1/4 1/4 t -1/2

=+[9PW; P% v
‘t V=constant w

The method of applying the above equations was to calculate the spreading

for very short time increments using a constant LNG volume during the time
)

increment. After each time increment, the volume remaining was adjusted to

account for LNG added during spilling and loss due to evaporation. Thus, the

radius after N+l successive time intervals, At, is given by:

. .
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and the volume VN is given @l

(4) ‘N = ‘N-1
+ [i - EVN ,] At

where: i= rate of addition of LNG

EV = Rate of evaporation of LNG

In thecaseof a continuous LNG spill, the maximum radius of the pool is

given by:

(5) i= mR2K

where: R = maximum pool radius

K= LNG regression rate (length/time)

After spillage of the LNG has stopped, the maximum ’radius,R, attained

by the pool is assumed to remain constant. During this condition, evaporation

takes place until the average LNG pool thickness, h, equals 0.183 cm.[21and

thereafter pool break-up occurs. Pool break-up initially occurs”at the center

of the pool and spread radially outward as LNG is evaporated during pool

break-up, the LNG thickness is assumed to remain constant atO.183 cm. This

value has been experimentally obtained with other researchers‘3] obtaining

different values, up to a factor of 3 larger. Using larger values for pool

break-up results in pool

Also experimentally

regression rate in units

break-up occuring sooner.

obtained is the rate of LNG boil-off expressed as—

of, for example, cm. of LNG per second. A value

a
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of 0.0423 cm. per second
[4] was used in the subsequent China Lake calculation.

This rate represents the sum of the regression rates for each of the various

constituents of the LNG. The regression rate for

is calculated as follows with I = 1 corresponding

(6) K =

where K=

CP =

AT =

,HVAP=

pl =

FRI(I)=

A=

Solving (6)

regression rate,

(7) ‘I =

(CPAT+ HVAP)CHPCH FRI(I)A

z (CPAT+ HVA~)~ p;
T

any individual constituent,r,
.

to methane (CH4):

= ~ K1 FRI (I)
I.

1

experimentally determined LNG regression rate

specific heat

number of degrees that the boiling temperature of

constituent I is abovethe LNG boiling temperature.

heat of vaporization

liquid density of constituent I

volume fraction of constituent I in the original LNG

unknown regression rate to be solved for.

for “A” and plugging into the below equation (7) gives the

K1, of constituent I:

(CPAT,+.HVAP).CH PCH A-. 44’
(CPAT+ HVAP)lPI

The LNG spilled initially on the water contains various volume fractions

of constituents. Throughout the calculations a mass balance is calculated for

each constituent in the spilled LNG. Addition of constituents to the spilled -

. LNG is determined from the rate of spill and the known volume fractions of the

LNG. Loss of constituents from the spilled LNG is by evaporation. The amount

evaporated in a time step At of constituent I is given by Al/I:
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AV1 = KIFSAt

where: F = volume fraction of constituent I in the LNG pool

s = surface area covered by LNG pool
.

In the calculations, the mixture of the constituents is always assumed to

be homogeneous. “

CALCULATIONS

The aboverelations have been incorporated into a computer code called

LNGVG. A listingis provided in Appendix A. Use of this code involves

generating an input file called LNGINwhich contains the information called

for by the read statements 6 and 8. Input variables and their units are

described in the conment cards at the beginning of the code. Output is all

contained in an output file called LNGOUT.

Calculations for an anticipated spill at China Lake have been made.

5 meter3

5 meters3/50 sec.

The initial conditions for this spill are given below:

Volume of LNG spilled

Rate of LNG spillage

Volume fraction of constituents

in the LNG: Methane (CH4)

Ethane

Propane

Nitrogen

LNG Boiling Temperature

LNG Regression Rate

Water Density

Initial LNG Density

0.922

0.0527

0.0112

0.0139

111.7°K (201°R)

0.0423 cm/sec (1 inch/minute)

1,000 Kg/m3

439 Kg/m3
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RESULTS

The results.of the calculations for the volume fraction of each

constituent in the vapors generated vs. time is shown in Figures 1 through

3. From these figures, one sees that the initial volume fraction of methane

and nitrogen in the vapors is greater than the original fractions in the

LNG, and the initial volume fractions of ethane and propane are less than the

original LNG. The volume fractions in the vapor adjust themselves with time,

however, until at 50 sec (spilling stops at 50 see) the vapors have approxi-

mately the same volume fraction as the original LNG. After spilling stops,

(time greater than 50 see) the volume fraction of methane and nitrogen

decreases and that of ethane and propane increases continuously until all the

LNG has evaporated.

The maximum radius attained by the LNG Pool is 28.5 feet at a time of27.O

seconds. Pool

evaporation is

The total

Figure 4.

break-up is calculatedto occurafter 61.5seaondsandtotal

completedafter78 seconds.

boil-off rate (ft3/see) vs. time for this spill is shown on

CODE VERIFICATION

The work done in this study is primarily analytical in nature and has not

been compared with experiment.

[4~51 have been made and areComparisons with results of other models

tabulated in Table I. The comparison inv~lves maximum time to evaporate

and maximun pool radius for instantaneous spills of 10 m3 and 1000 m3. The

calculational results from all three models agree fairly closely.
.

.
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FIGURE 1

VOLUME FRACTION OF METHANE IN LNG VAPORS

.’
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/

END OF SPILLING

— r-y—.. .
POOLBREAK-UPBEGINS

INITIAL

CONCENTRATION \

TOTAL

EVAPORATION

I I I I I I I I

o 10 20 30 40 50 60 70 80

Time, Sec



. . . .

FIGURE 2

page 9

I

.

$-

.

.

40

30

2C

1[

(
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FIGURE 3

VOLUME FRACTION OF NITROGEN IN LNG VAPORS ,

LNGSPILL SIZE = 5 M3

SPILL RATE = 5 M3/50 SEC

ENDOF SPILLING

7

—— —. .—
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COMPARISON OF

VAPORIZATION,

ANALYSIS

LNGVG

~Ay[51

~J[41

TABLE I

MAXIMUM POOL RADIUS, RMAX, AND TIME TO COMPLETE ‘

TMAX, AS PREDICTED BY DIFFERENT ANALYSES

10 t?

RMAX(M)

20

16

20

LNGSPILL VOLUME-LIQUID

TMAX(SEC)

44

24

38

1000 M3

RMAX(M)

113

109

115 -

TMAX(SEC)

111

108

120
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c
c
c
c
c
c
c
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E
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:
c
c
c
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PROGRAM LNDVG(LNGI N.TAPE2=LNGI N LNWUT, TAPE3=LNGOUT)
-ILNGUUT 5bOOO)
;TITUEN~ 1 OF THE LNGJ FT/SEC

M3 =MULTIPLIER al

BTU/LBM/F
,,”LL,. “mmLm -k) LNG ON WATER LBM/CU,FT.
ISTITUENT I VAPORIZED DURING A’TIME STEP. CU.FT
ITY*VCJLUME aF EACH LNG CONSTITUENT

. --- . . .-.—-
S?ITUENT t-i-N–REmZiNrrwSPILLED LNG

[L

-- . . . . . - --
‘ PTIM TO OBTAIN PRINT-8UTS AT GREATER TIME INTERVALS

THAN N1
= PTIM TO CJBTAIN PRINT-OUTS AT GREATER TIME INTERVALS

WHEN 1 IS LARGER THAN-N2
M4 = MULTIPLIER OF PTIM T~ 5BTAIN PRINT-UUT AT GREATER TIME INTERVALS
:HEN CALCULATl~NS ARE BEING MADE DURING PUUL BREAK-UP

TUTAL NUMBER OF INCREMENTS FOR WHICH CALCULATIONS ARE MADE
N1=N2,N3 = NUMBER OF TIME STEPS AT INCREMENTS UF STEP1,STEP2,STEP3 SEC
NCJ&PE = NUMBER UF CONSTITUENTS COMPRISING THE LNG
NUMBER(I) = NUMBER ASS(5CIATED WITH UNE OF-THE CONSTITUENTS ~F LNG
PT = TIM
PT 1 = USED IN CALCULATIONS TU SET PRINT-OUT TtllE INCREMENT

,

~d-buki h6-~AP6RIZAT10N, FT/SEC

?-SEC., cu,FT:/sEc

&& RANKINE
W OF CONSTITUENT, DEGREES RANKINE

CALC ‘ S

.

,
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c

c

c

c
22
23

g

30

35
36

40

c

303
304

30s

ABao, o
INITIALIZE PARAMETERS
m 30 1=1 NUSPE
CIBFT(I )=(6P(I)*(TVAP( l)-TNOT) +HVAP(l))*RHO( 1)
VUL(I)=FRI(I)*VULI
AB=AB+(QBFT( 1)/QBFT(l))*VOL( 1)/V5LI
QEJ:EJ~;IB:T&l &:3.14/QBFT( 1)

cONTINUE “
WR1TE(3,107O)
R=(v6L1/3.14)**o.3333
DELRU=RH5W-RCJAV
V=VtSLI

.

H=R
A=REGR/AB
IF(lCUNT.EQ.1) RMAX=(RSPIL/(3,14*REGR) )**0.5
STEP=STEP1
N=N1+N2+N3
@:42+Nl “-

= 0.0000
PT1 = 0.0000
TIM = 0.0000
~J;~T I M

=0
IF(lNST.EQ.1) RMAX=9999.
WR1TE(3,108O) T[M, N, RMAX,R,H,DELRG,A
DO 40 1=1 NUSPE
(a(l)=QB(I\zA
WRITE(3 1090) I,VUL(I ),QBFT(I),QB(I)
CCJNTfNUk_—..
WR1TE(3-11OO)
TRANSIEfiT CONTINUOUS OR INSTANTANEOUS SP LL
DU 350 1=1 N
IF(l.QT.Nl\ STEP=STEP2
IF(l.GT.,N2) STEP=STEP3
TIM=TIM+STEP
lF(TIM,GT.SPILT) RSPIL=O.O
IF(R,EQ.Rl’lAX) QU TU 305
RDCJT=CUN*( (G*DELRd /RH6W)*~0.25)*(V**Oo25)
R=R+RDUTxSTEP
lF(R.GE.RMAX) R=RMAX
lF(R.EQ.RMAX) RDOT = o.000
IF(R.EQ.RMAX) lDOT = 1
TDELV=O.O

CAL

/(T1

.CULAT

Mxx.5

.

CJNS

‘)

.

.
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306
307
308

309

310

311

313
331
332
333

340

347

348
349

350
600

602

604

606
607

V=VA

I, TIM, R, H, DENS1, RDOT

(J VCJL(J), DLVS(J), TDLV(J), FRI l(J), FR(J), J=l, NUSPE)
V tDLVS, TVCJL
0$ TO 348

GO T6 600

RMAX, H, TIM

,.—.
DO 650 l=K N
IF(I.QT.Nl~ STEP=STEP2
IF(I,GT.N2) STEP=STEP3
TIM=TIM+STEP
RBRK=(RMAX**2-(V/(HBRK*3. 14)))**0.5
~F#;~fVAx-RRRK ~/RMAx. .. .. . ..- ... . . . ... .. .. .

..LT.O.01) G6 Ta 1660- . . . . .
$/A.o. o

1.0
J=l,~spE

).Q(J)*(v~L(J)/l/)*(RMA)(**2-RBRK
oVOL(J) -DELV(J)
:J).LT.O.0) VOL(J)=O.O

IELV( J )
.V(J)/STEP

**2)*STEP

.

●
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610

611
612
613

620

630

640
6!50

1000
1010
1020
1030
1040,

I

,
I

C8NT I NUE
TDLVS = TDELV/STEP

;~;~ ‘ TvUL + TDELV

IF(V,LE.0,0) GO TO 1660
_tU 620 M=l,NCfSPE
“R(M)=DELV(M) /TDELV
‘Rll(M)=VOL(M)/V
“DLV ( M ) = TDLV(M) + DELV(M)
F
T
CONTINUE
PT1=PT1+STEP
IF(PT1.GE.PTIM) 13ti Tt3 630 -
GO TU 640
CONTINUE
~~;f?~(3,1220

WRITE
WR JTE
PTl=Q.-
CUNTINUE
C~NTINUE
FRRMAT(312 A3]5,5F10. 4,/,7F10.4,/,2F10.4, 315),.. - . . - -.

\T115N FUR A SPILL UN WATER - W. STEIN”).——..

I 1115’FOW

.,

●

.

) I,TIM,RBRK
1(3;1115)
:(3,1120) (J VUL(J), DLVS(J),TDLV(J) ,FRII(J), FR(J),J=l,NUSPE)

,n(:$ 1130) V,+DLVS,TVCSL

;2X;KtibF~;I\~J~EY4.6,2X,
1<.4)

12X “TRANSIENT CALCULATIONAL UUTPUT”)
,F,u,e, (flk 4X, ’’TIME’’,8X, “R’’,9X,” ’H’’,6X, “DEN51Ty’’,4X. “RD~T’’s/,

IAT(15X,’’VCJL(I )“ ,9X, ’’DLVS( I)’*,8X,’’TDLV( 1) ’’,3X, ’’FRII(I,4X,4X,,, , . !, ,

10NAL OUTPUT”)
,FIo:.g42X.’ ’TIM=FIOF10. 6)

“1O.6)

)

NOTICE

“This report was prepared as an account of work
sponsored by The United States Government.

Neither the Umted Stat= nor the United States
Department of Energy, nor any of their employ~s,
nor any of their contractors, subcontractors, or
their employes, makes any wa~rag:Y, exPress or
implied, or assumes any legal hablhty or respon-
sibility for the

accuracy, completeness or

usefulness of any information, apparatus, productits use
or process disclosed, or rePre*nts That ,,
would not infringe privately-owned rights.
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